Background: Archaea synthesize glycerol-based membrane lipids of unique stereochemistry, utilizing distinct enzymology. Results: The structure of sn-glycerol-1-phosphate dehydrogenase (G1PDH), the first step in archaeal lipid synthesis, was determined. Conclusion: G1PDH is a member of the iron-dependent alcohol dehydrogenase and dehydroquinate synthase superfamily. Significance: The data contribute to our understanding of the origins of cellular lipids at the divergence of the Archaea and Bacteria.
All life comprises cells with lipid membranes separating the cell from the external environment and permitting chemiosmotic energy harnessing (1) . Understanding how membranes evolved is crucial to understanding how energy harnessing and life itself came into existence. Stable and readily synthesized cell lipids could have conferred on their hosts a number of clear and crucial advantages including the ability to accumulate metabolites and intracellular enzymes to high concentrations (2) , an increased ability to use concentration gradients for production of ATP (3), a reduced rate of lateral gene transfer (4) , and protection against viruses (5) . Efficient replication of cells would have required rapid synthesis of membranes and would have aided the development of more stable early archaeal and bacterial lineages.
The rotor-stator ATPase that harnesses ion gradients for chemiosmotic coupling is universal among all prokaryotes (1, 6, 7) , but the membranes that maintain those ion gradients are not. Bacterial membranes consist of fatty acid esters with glycerol 3-phosphate, the stereochemistry of which contrasts with that of archaeal membranes based on isoprenoid ethers linked to sn-glycerol 1-phosphate (G1P). 2 The domain-specific differences in lipid synthesis between Archaea and Bacteria reflect their very ancient divergence, and despite numerous lateral gene transfers between Archaea and Bacteria, lipid chemistry has remained a stable, vertically inherited trait within each prokaryotic domain (7, 8) . The evolutionary process that gave rise to this prokaryotic membrane dichotomy, the so-called "lipid divide," is still poorly understood (9) . Two main alternatives are currently debated (10) . In the first, the last universal common ancestor (LUCA) possessed genes for biosynthesis of both G1P isoprenoid and glycerol 3-phosphate fatty acyl lipid types, and the extant bacterial-archaeal differences are due to differential loss (10 -12) . In the second, the LUCA did not have genetically encoded lipid biosynthesis, although it might have had geochemically synthesized lipids, and the evolutionary invention of distinct bacterial and archaeal lipids occurred independently in the stem lineages that gave rise to the Achaea and Bacteria (3, 7, 13) . The first alternative predicts that both lipid synthetic pathways were early evolutionary inventions, whereas the second proposes that life arose within geochemically formed inorganic compartments * This work was supported by the Pastoral Greenhouse Gas Research Consor-and predicts that lipid synthesis arose later during primordial evolution but before the emergence of free living cells.
One key to resolving how the lipid divide arose is understanding the evolution of the non-homologous archaeal G1P dehydrogenase (G1PDH) and bacterial glycerol 3-phosphate dehydrogenase that convert non-enantiomeric dihydroxyacetone phosphate to the G1P or glycerol 3-phosphate stereoisomers of glycerol phosphate, respectively, that form the backbone of the domain-distinct lipid types. Describing the structure and evolution of archaeal G1PDH is thus important for understanding how the transition from the LUCA led to the archaeal domain. Here we present the first x-ray crystal structures for archaeal G1PDH to our knowledge. The Methanocaldococcus jannaschii (MJ) G1PDH structure provides novel insight on binding of its DHAP substrate, enantiomeric product G1P, NADP(H) coenzyme, and Zn 2ϩ cofactor coordination state, revealing details of the stereospecific pro-R hydrogen reaction. We also biochemically characterized the MJ G1PDH with respect to kinetics with its substrates (DHAP and NAD(P)H) and to our knowledge are the first to have critically examined the effects of metal ions on G1PDH activity. In addition, comparative structural and structure-based phylogenetic analyses contribute further to our understanding of the origin of the archaeal G1PDH and therefore that of the archaeal domain of life.
Experimental Procedures
General Methods-Electrophoresis was performed with 12% Mini-PROTEAN TGX TM precast gels (Bio-Rad) using low range SDS-PAGE molecular weight standards (Bio-Rad) and Coomassie Brilliant Blue R-250 staining. Protein concentrations were determined by the method of Bradford (14) using bovine serum albumin as a standard. The pH of buffers was adjusted at room temperature. All pH values are reported as at the temperature of use and allow for ⌬pK a /°C. When required, metal ions were removed from solutions by treatment with Chelex 100 chelating resin (Bio-Rad). DHAP, NADPH, and NADH were purchased from Sigma-Aldrich. All other materials were at least analytical grade quality.
Cloning, Protein Expression, and Purification-MJ was obtained from the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ) (Germany; DSM 2661), grown in RM02 medium (15) , and DNA-extracted using Chelex InstaGene matrix (Bio-Rad) according to the manufacturer's suggested protocol. PCR primers were used to amplify the gene for cloning into the expression vectors pET151D TOPO and pET100D TOPO (Invitrogen), which add an N-terminal 6-residue histidine affinity purification tag and a peptidase cleavage site (recombinant tobacco etch virus and enterokinase, respectively; Life Technologies). The forward primer was 5Ј-caccatgattatagtcacaccaagatatac-3Ј, and the reverse primer was 5Ј-ttaaataactcctgtttcttcagcc-3Ј. The PCR utilized Hercules II high fidelity DNA polymerase (2.5 units; Stratagene) in a 35-cycle reaction: 95°C for 2 min followed by 35 cycles of 94°C for 15 s, 56°C for 15 s, and 68°C for 1 min and 15 s. The dNTP concentration was 300 M, and the primer concentrations were each 0.2 M. The final extension was at 68°C for 2 min. The specificity of the PCRs was checked by agarose gel electrophoresis, and the products were gel-purified using a Wizard gel DNA extraction kit (Promega). The concentrations of the purified PCR products were quantified using a NanoDrop spectrophotometer (NanoDrop) and TOPO-cloned into expression vectors using the manufacturer's suggested method. Single colonies were checked for inserts in the correct orientation and length using colony PCR incorporating the expression vector T7 forward primer (5Ј-taataatacgactcactataggg-3Ј) and the above reverse primer for the MJ G1PDH gene. Single replicate colonies were used to generate plasmid DNA for sequence verification and subsequent transformation of the Escherichia coli expression strain Rosetta 2 (DE3) (Novagen/Life Technologies).
Single colonies of E. coli Rosetta 2 (DE3) cells containing either the MJ G1PDH pET151D-based plasmid or the MJ G1PDH pET100D-based plasmid were precultured for ϳ16 h in 10 ml of Luria-Bertani (LB) medium containing 100 g ml Ϫ1 ampicillin and 34 g ml Ϫ1 chloramphenicol at 37°C. 10 ml of preculture was used to inoculate 700 ml of 2ϫ yeast extracttryptone medium containing 100 g ml Ϫ1 ampicillin and 34 g ml Ϫ1 chloramphenicol in a 2-liter baffled flask. Induction was initiated with isopropyl ␤-D-1-thiogalactopyranoside at 1 mM when the cell culture reached a density of 0.45 at 600 nm. Cells were grown for ϳ8 h with vigorous shaking at 28°C, cooled, and stored overnight at 4°C before harvesting (16,000 ϫ g for 15 min at 4°C), freezing, and storage at Ϫ20°C. Cell pellets were thawed and resuspended in 4 -5 volumes of lysis buffer (50 mM Tris, pH 7.4 (pET151D) or pH 8.2 (pET100D) containing 2 mM ␤-mercaptoethanol, 300 mM NaCl, 10 mM imidazole, 1% (v/v) Triton X-100, and 10 mM MgCl 2 ). Complete EDTA-free protease inhibitor (Roche Applied Science) was added as a stock solution following the manufacturer's instructions. Lysozyme (Sigma-Aldrich, L8676) was added to a final concentration of 1 mg ml Ϫ1 followed by gentle agitation for 30 -60 min on ice. DNase (Sigma-Aldrich, D5025) and RNase (Sigma-Aldrich, R4642) were added to a final concentration of 5 g ml Ϫ1 each followed by gentle agitation for 30 -60 min on ice. Cell debris was removed by centrifugation (16,000 ϫ g for 15 min at 4°C). The hexahistidine-tagged enzyme was purified from the cell-free extract using nickel affinity chromatography. The filtered enzyme was applied (1 ml min Ϫ1 ) to a 6% CL-Nickel ChroMatrix TM resin (Jena Bioscience, Germany) column (2.5 ϫ 18 cm) equilibrated with 20 mM Tris, pH 7.4 (pET151D) or pH 8.2 (pET100D) containing 2 mM ␤-mercaptoethanol, 300 mM NaCl, and 20 mM imidazole. The column was washed with the equilibration buffer before fractions were eluted with a linear gradient of 20 -250 mM imidazole (3 ml min Ϫ1 ). Fractions were examined by SDS-PAGE, and those containing protein of the expected molecular mass were pooled and concentrated using a stirred ultrafiltration cell (Amicon) with a 10-kDa-nominal molecular mass limit membrane. The imidazole was removed and buffer-exchanged using a Bio-Gel P-6DG (BioRad) column (2.5 ϫ 17 cm) equilibrated with 20 mM MOPS, pH 7.0 (pET151D) or 10 mM Tris, pH 8.1 (pET100D) containing 2 mM tris(2-carboxyethyl)phosphine (TCEP) and 150 mM KCl (pET151D) or 125 mM KCl (pET100D) (1 ml min
Ϫ1
). Fractions containing protein were collected and concentrated either using a stirred ultrafiltration cell (Amicon) with a 10-kDa-nominal molecular mass limit membrane (pET151D) or a 20-ml Vivaspin 10-kDa-molecular mass cutoff sample concentrator (GE Healthcare) (pET100D). All chromatographic steps were performed at room temperature using a BioLogic LP system (Bio-Rad) with detection at 280 nm.
EDTA Treatment of G1PDH-To remove metal ions for enzyme assays, G1PDH was treated with EDTA as follows. A 2-ml Vivaspin 10-kDa-molecular mass cutoff sample concentrator was prewashed two times with buffer A (20 mM MOPS, pH 7.0, 2 mM TCEP, 150 mM KCl (or 150 mM NaCl when determining the effect of NaCl on activity)). 50 l of G1PDH (prepared using pET151D) was added to the prewashed concentrator, diluted to 200 l with buffer A also containing 2 mM EDTA, mixed, and incubated for 20 min at room temperature. The volume was concentrated to 50 l by centrifugation (10,000 ϫ g for 2 min at 20°C), and the dilution-concentration process was repeated three times before reconstitution in buffer A (EDTAfree, Chelex-treated) and incubation for 5 min at room temperature.
G1PDH Activity Assays-Spectrophotometric measurements and calculation of initial velocity were performed using a Cary 100 UV-visible spectrophotometer (Agilent Technologies) with a thermostated cuvette holder using 1-or 0.5-cmpath length stoppered quartz cuvettes. The consumption of NADPH or NADH in the reaction of G1PDH was monitored at 366 nm. The extinction coefficient of NADPH was determined to be 2,530 M Ϫ1 cm Ϫ1 at 366 nm and 65°C in 50 mM Bistris propane buffer at pH 7.8. Initial rates of reaction were measured within 2 min and were determined by a least square fit of the initial rate data. K m and k cat values were determined by fitting the data to the Michaelis-Menten equation using GraFit (16) . Activity was measured at 65°C because of the decomposition of DHAP and NAD(P)H above 70°C (17) . One unit of activity is defined as the conversion of 1 mole of NAD(P)H to NAD (P) ϩ /min at the stated temperature. All assays were performed in triplicate. Metal ions were removed from all buffer and reagent solutions by treatment with Chelex 100 chelating ion-exchange resin.
The standard reaction mixture contained (unless otherwise stated) 50 mM Bistris propane buffer at pH 7.8, 100 mM KCl, 0.1 mM ZnCl 2 , 3 mM DHAP, and 0.15 mM NAD(P)H and was preincubated at 65°C for 7-10 min. The reaction was initiated by addition of 0.276 M EDTA-treated G1PDH (pET151D). The total volume of each assay was 200 l. Assays to determine the effect of pH on activity contained 50 mM Bistris propane, pH 5.38 -8.78 or citrate, pH 4.0 -6.5. All divalent metal salts used in assays to restore activity to the EDTA-treated G1PDH were dissolved in water that had been pretreated with Chelex. The final concentration of divalent metal salt was 0.1 mM in the assay reaction mixture. Activity was also measured in the absence of divalent metal ions. Assays for the determination of DHAP kinetic parameters contained 0.05-20.0 mM DHAP and 0.15 mM NAD(P)H. Assays for the determination of NAD(P)H kinetic parameters contained 0.035-0.3 mM NADPH or 0.1-0.45 mM NADH and 10 mM DHAP. Additionally, assays for the determination of NADH kinetic parameters contained double the concentration of G1PDH (0.552 M).
Molecular Mass Determination-The native molecular mass was determined by gel filtration chromatography using a BioLogic DuoFlow QuadTec 10 chromatography system (BioRad). A filtered sample of G1PDH (400 l) at a concentration of 0.9 -3.7 mg ml Ϫ1 was applied to a Superdex 200 (GE Healthcare) column (1 ϫ 59 cm) using a 1-ml sample loop. The column was eluted with 50 mM MOPS, pH 7.0 containing 2 mM TCEP and 0.15 M KCl at a flow rate of 0.6 ml min Ϫ1 . A standard curve was generated using commercial standards (Sigma-Aldrich).
Sequence and Phylogenetic Analyses-Unrooted phylogenetic analyses were generated using MEGA version 6 (18, 19) . The structure-based phylogenetic tree for G1PDHs, glycerol dehydrogenases (GDHs), alcohol dehydrogenases (ADHs), and dehydroquinate synthases (DHQSs) was constructed using the structure-based alignment program PromalS3D and then implemented in MEGA6 (20) . The PromalS3D alignment parameters were as follows: identity threshold above which fast alignment is applied, 0.6; weight for constraints derived from sequences, 1; weight for constraints derived from homologues with structures, 1; weight for constraints derived from input structures, 1.
Crystallization-A number of initial crystallization conditions for G1PDH were identified using the Morpheus screen from Molecular Dimensions (UK). The lead precipitant condition (30% (v/v) poly(ethylene glycol) methyl ether 550/polyethylene glycol 20,000 and 0.1 M Tris, pH 8.5) was further optimized using the Silver Bullets Bio screen from Hampton Research. The apo (MJ G1PDH (pET151D); 10.7 mg ml Ϫ1 in 20 mM MOPS, pH 7.0, 2.0 mM TCEP, and 150 mM KCl; Silver Bullets Bio condition G1) and binary (MJ G1PDH (pET100D); 14.5 mg ml Ϫ1 in 10 mM Tris, pH 8.1, 2.0 mM TCEP, 125 mM KCl, and 2.79 mM NADPH; Silver Bullets Bio condition H5) forms of G1PDH were grown at 21°C using the sitting drop method. The ternary complex (MJ G1PDH (pET151D); 10.5 mg ml Ϫ1 in 20 mM MOPS, pH 7.0, 2.0 mM TCEP, 150 mM KCl, and 2.05 mM NADPH) was achieved by growing crystals in precipitant containing 30% (v/v) poly(ethylene glycol) methyl ether 550/polyethylene glycol 20,000 and 0.1 M HEPES, pH 7.6 and then looping crystals for 1-2 s through a solution of mother liquor containing cryoprotectant and 10 mM DHAP.
Data Collection and Structure Determination-All diffraction data sets were collected at the Australian Synchrotron MX1 and MX2 beamlines using Blu-Ice (21) and processed with XDS (22) and SCALA (23) from flash cooled crystals (100 K) in mother liquor containing 25% (v/v) ethylene glycol as cryoprotectant for the binary and ternary complexes and perfluoropolyether oil for the apo structure. Exposure time, oscillation range, crystal-detector distance, and beam attenuation were adjusted to optimize the collection of data to the maximum resolution possible ranging from 2.45 to 2.20 Å. Initial phases for G1PDH were determined in CCP4 (24) by the molecular replacement program Phaser (25) using a polyalanine model prepared by CHAINSAW (26) of the crystal structure of GDH from Clostridium acetobutylicum (Protein Data Bank code 3CE9). Structural idealization and restrained refinement were carried out using REFMAC5 (27) with local non-crystallographic symmetry restraints used throughout the refinement process. Translation/libration/screw and restrained refinement were used in the final cycles of refinement for the apo structure (28) . Difference Fourier maps (
were visualized in Coot (29) and enabled the addition of amino acid side chains, substrates, and solvent molecules, revealing clear density for the G1PDH structure. Solvent content was estimated at 2.16, 2.78, and 2.47 Å 3 Da Ϫ1 (30) for the apo, binary, and ternary complexes, respectively. Further data collection and final refinement statistics are listed in Table 1 . All figures were prepared using PyMOL and CCP4mg version 2.7.3 (31) . The atomic coordinates and structure factors (codes 4RGV (apo), 4RFL (binary), and 4RGQ (ternary)) have been deposited in the Protein Data Bank.
Results
Structural Analysis of the MJ G1PDH-Three MJ G1PDH structures (apo, binary, and ternary) were determined to a maximum resolution of 2.20 Å (Fig. 1 , A and B and Table 1 ). The ternary and binary complexes revealed four molecules in the asymmetric unit, two molecules in the apo structure, and well defined density for the metal ion (Zn 2ϩ ; Fig. 2 , A and B), the substrate/product (DHAP/G1P; ternary complex only; Fig. 2 , A, B, and C), and coenzyme (NADPH; Fig. 2D ). The only regions of poorly defined side chain density are solvent-exposed and not associated with the active site (Glu 54 -Lys 64 and Arg 115 -Gln 116 ). G1PDH possesses two distinct structural domains separated by a deep binding cleft occupied by NADPH, substrate (or product), a single K ϩ (binary and ternary complexes only), and at the center Zn 2ϩ . The structure of MJ G1PDH at the N-terminal domain (residues 1-137) forms an atypical Rossman fold consisting of a six-stranded parallel ␤-sheet surrounded by five ␣-helices arranged in a
Strands ␤ 5 and ␤ 6 are connected by a hairpin loop (residues 100 -125) that partially bifurcates the center of the enzyme, whereas ␣ 5 sits apart from the traditional Rossmann fold architecture and atop ␤-strands 1, 5, and 6. The end of ␣ 5 also marks the beginning of the C-terminal and catalytic domain(residues138 -335)madeupexclusivelyofeight␣-helices and two small ␣-helical turns between ␣ 10 to ␣ 11 and ␣ 11 to ␣ 12 .
In the ternary complex, a single Zn 2ϩ ion is bound in each G1PDH molecule forming bonds (with average distances) to His 226 (N⑀2; 2.06 Å), His 247 (N⑀2; 2.24 Å), and Asp 148 (O␦1; 2.17 Å) and in monomers C and D to a single water molecule (HOH; 1.99 and 2.03 Å, respectively). Three molecules of DHAP (monomers A, C, and D; Fig. 2A ) and one molecule of G1P (monomer B; Fig. 2B ) are observed in the active sites. The 2-carbonyl of DHAP also coordinates with Zn 2ϩ via an ion-dipole interaction (distance, 2.01-2.09 Å) and to a lesser extent so does the 3-hydroxyl moiety (monomers A and C; 2.54 -2.74 Å), whereas for the bound G1P product, the 2-hydroxyl is 2.72 Å from Zn 2ϩ , and the two conformers of the 3-hydroxyl moiety of G1P are 2.08 and 2.83 Å away. An overall composite picture of DHAP binding is shown in Fig. 2C and the carbonyl of DHAP in the ternary structure, whereas those of the histidine and coordinating water molecule were slightly lower. We also observed variable coordination numbers and changes in ideal geometry of Zn 2ϩ (assuming a coordinate distance of Ͻ2.5 Å; Fig. 3) .
The binary and ternary G1PDH structures also revealed well defined density for coenzyme (NADPH), although density was discontinuous to some degree for the nicotinamide ring. The conserved GGGXXXD motif (32) makes a number of hydrogen bond contacts with the coenzyme including the pyrophosphate bridge, ribose, and 3Ј-amine of the nicotinamide ring (Fig. 2D) 42 via a water molecule. The orientation of NADPH in the ternary complex (including the anti conformation of the nicotinamide ring) indicates pro-R specificity, confirming a previous prediction based on modeling using a GDH (32) . The preference of G1PDH for NADPH is 3 times that for NADH (Table 2) .
Structural alignment (Fig. 4) suggests that coenzyme preference may be due in part to Gly 36 immediately adjacent to the 2Ј-phosphate of NADP in G1PDH. The absence of a side chain creates a pocket that can accommodate the phosphate moiety, whereas for example in GDH (Protein Data Bank code 1JQ5 (33)) or iron-containing ADH (Protein Data Bank code 3JZD), these positions are occupied by bulkier Asp and Thr residues, respectively, which in turn are found to make hydrogen bond contacts with the ribose of NAD(H).
The four molecules in the asymmetric unit showing the positions and binding interactions of DHAP, NADPH, Zn 2ϩ , and product G1P enable a structure-based analysis of the enzymecatalyzed stereospecific reaction (Fig. 3) . The ternary complex reveals a possible stepwise mechanism affecting, but not limited to, the number and position of water molecules in the active site, the movement of the nicotinamide ring into the pro-R position, the change in rotameric state of the coenzyme-bind- . However, this coordination is influenced by bound substrate and coenzyme molecules. Second, a pro-R hydride transfer/relay system is in operation during catalysis, mediated by water and completed by the polarization of the carbonyl of DHAP by Zn 2ϩ . It has been suggested that Zn 2ϩ may also help polarize a key hydroxyl group on the substrate as part of the reaction mechanism (32, 34), and we did observe an initial coordination of the hydroxyl to Zn 2ϩ . Third, Asn 104 may influence affinity for the coenzyme in G1PDH and the rate of reaction via its interaction with NADPH. It should also be noted that in some monomers of G1PDH undefined density was seen around the side chain carbonyl of Asn 104 , suggesting some type of oxidation or reduction event. The structure also explains previous assertions of a secondary ion-binding site (occupied by a K ϩ ) and the role of Asp 105 in coordinating the hydroxyl of G1P in the active site (32, 35) . Previous studies suggested that the metal coordination residues do not function in substrate binding (35) , and in the case of bound DHAP, we observed no interaction with either histidine or aspartic acid residues. However, bound G1P could form a hydrogen bond via its 2-hydroxyl with the carboxylate of Asp 148 (O␦1; 3.30 Å). Structural alignment of MJ G1PDH using Dali-lite (36) (Fig. 4 and Table 3 ) identified homology with a number of metal-binding GDHs and ADHs as well as DHQSs. These often dimeric or multimeric enzymes possess common N-and C-terminal macroarchitectures including the ␣-helical array at the C terminus and a Rossmann fold-type element at the N terminus despite low sequence identity (15-33%). Analysis of the Rossmann fold showed that G1PDH has contracted ␤ 3 , ␣ 2 , and ␣ 3 secondary structural elements (residues 37-69) with shorter loops and a smaller ␤-hairpin loop (residues 100 -121) when compared with its structural homologues. The orientation of ␣ 3 is also unique, running perpendicular, and not antiparallel, with ␤ 3 . Sequence alignment of MJ G1PDH with other archaeal species suggests that these contracted elements in MJ G1PDH may reflect thermal adaption, limiting the surface exposure of the enzyme suited for activity in hydrothermal environments. G1PDHs of non-thermophilic archaeal species do not possess these contractions in their homologous Rossmann fold loop regions and ␤-hairpin loop. A number of these secondary structure-related contractions may also be responsible for the monomeric solution state for MJ G1PDH observed by gel filtration chromatography experiments. MJ G1PDH lacks a number of N-and C-terminal structural elements ascribed to its homologues that enable the formation of biochemically active dimers, octamers, and decamers (33, 37) including an elongated ␤-hairpin loop, which is critical in forming the dimer interface in DHQS from Thermus thermophilus (38) . QtPISA analysis (39) of the MJ G1PDH crystal structure indicated a positive protein interaction and free energy gain upon the formation of a MJ G1PDH dimer, revealing some potential for complex formation in solution. Among only the ADHs and best exemplified by the 1,3-propanediol oxidoreductase (Protein Data Bank code 3BFJ) exists an additional ␣-helical domain and elongated loop in the C terminus (between ␣ 10 and ␣ 11 of G1PDH). This region, containing conserved residues, facilitates the stabilization of the quaternary structure via ionic and hydrogen bond interactions with corresponding residues of neighboring dimers to help form a decamer formed by a pentamer of dimers (Protein Data Bank code 3BFJ (37)). However, within G1PDH, we observed intersubunit contacts similar to some homodimeric ADHs (40, 41) (Fig. 1B) including contacts between the short antiparallel ␤-sheet at the N terminus (residues 1-11) in the crystal structure. The side chain of Arg 7 also forms hydrogen bonds with the carbonyls of Ala 123 (on the elongated loop connecting ␤ 5 and ␤ 6 ) and Thr 5 . Although these remain the only obvious polar contacts between the monomers, we also observed a hydrophobic patch at the interface of ␣ 7 and ␣ 8 of opposing monomers by Ala 175 , Ile 176 , Phe 177 , and Ile 181 on ␣ 7 and residues 210 -215 on ␣ 8 (Fig. 4) . Previous biochemical characterizations of archaeal G1PDHs have shown the enzyme to be multimeric (17, 42) .
The dehydrogenase superfamily displays variable metal binding capabilities dependent entirely upon the makeup of their metal-coordinating residues within the active site (Fig. 5,  A and B) . Zn 2ϩ is utilized by G1PDH, GDH, and DHQS, whereas the ADHs utilize Fe 2ϩ or Zn 2ϩ . Interestingly, the only characterized bacterial G1PDH shows much higher activity when expressed in E. coli with added Ni 2ϩ rather than Zn 2ϩ (43) , whereas the closest structural homologue of MJ G1PDH is from C. acetobutylicum (Protein Data Bank code 3CE9); although annotated as a Zn 2ϩ -binding GDH, it is more likely to be a G1PDH (44) . The location of the catalytic metal coordination/binding site is almost identical among the enzymes listed in Table 3 and is maintained via two strictly conserved histidine residues (on conserved helices ␣ 9 and ␣ 10 ) and a mostly conserved aspartic acid on ␣ 6 (Fig. 5, A and B) . It should be noted that the metal-coordinating Asp residue is an Asn in Protein Data Banks codes 3HL0, 3JZD, and 3IV7. 3-Dehydroquinate synthase (Protein Data Bank code 3ZOK) replaces this same residue with a glutamate and, unlike its GDH counterparts, demonstrates a markedly lower affinity for Zn 2ϩ (45) . Excluding the GDHs, a fourth metal-coordinating residue is observed downstream of Asp 148 among the small molecule alcohol dehydrogenases, and Fe 2ϩ is the preferred metal. Our structural alignment supports previous assertions (37) that this fourth coordinating residue is a histidine among the Gram-negative bacteria (Protein Data Bank codes 3BFJ, 1RRM, 3OWO, 1VLJ, 1VHD, 3RF7, and 1OJ7) on our list and a glutamine in Gram-positive bacteria (iron-binding 1,3-propanediol dehydrogenase from Oenococcus oeni; Protein Data Bank code 4FR2 (40)). Biochemical Characterization of the MJ G1PDH-In vitro analysis of MJ G1PDH revealed optimal specific activity between pH 6.5 and 7.5 ( Fig. 6A) with an optimum concentration of ϳ150 mM KCl producing a more than 400% increase in activity compared with an absence of KCl (Fig. 6B) . The enzyme showed much higher activity with K ϩ compared with Na ϩ but Bank codes 3QBE, 1XAG, and 1UJN) were used in the alignment. Secondary structural elements and residue numbering correspond to G1PDH. Residues that coordinate metals are highlighted in blue. The coenzyme binding motif is in italics, whereas residues that interact with coenzyme (NADP(H)) and substrate (DHAP) with respect to MJ G1PDH are highlighted in yellow and green, respectively. Reported intersubunit contacts between monomers are in red. Uppercase lettering indicates structurally equivalent positions with G1PDH, whereas lowercase indicates insertions relative to G1PDH.
similar activities for the anions Cl Ϫ and formate (Fig. 6B) . EDTA-treated G1PDH in the absence of Zn 2ϩ showed less than 2% activity when compared with untreated enzyme in the presence of Zn 2ϩ . However, when assayed with Zn 2ϩ present, activity of the EDTA-treated enzyme was greater than that of the untreated enzyme. Activity of the EDTA-treated G1PDH increased rapidly with increasing Zn 2ϩ concentrations (Fig. 6C ) with an optimum concentration of about 0.1 mM. Although this observation suggests a strict dependence on Zn 2ϩ for catalysis, a range of divalent metal ions were also tested for their ability to restore activity to the EDTA-treated G1PDH, and activity (highest to lowest) was observed for , Fe 2ϩ , and Ba 2ϩ . G1PDH followed Michaelis-Menten kinetics using the substrate DHAP (Fig. 7) . The apparent kinetic constants for G1PDH at 65°C and pH 7.85 are shown in Table 2 . NADPH was the preferred substrate compared with NADH with both K m values and k cat /K m values differing by a factor of 3.
The apparent molecular mass of the purified recombinant G1PDH pET151D was 44 kDa as determined by gel filtration chromatography and 43 kDa by SDS-PAGE, whereas that of G1PDH pET100D was 49 and 47 kDa, respectively. These values are close to those of 41,058 and 41,401 Da predicted for the His-tagged G1PDH pET151D and G1PDH pET100D proteins, respectively (368 and 371 amino acids), and indicate that G1PDH pET151D and G1PDH pET100D are both monomeric.
G1PDHs have been previously characterized biochemically from three thermophilic archaea (17, 35, 42, 46 -48) , and the enzyme reaction has been shown to follow an ordered bi-bi reaction mechanism with the reaction favoring the production of sn-glycerol 1-phosphate (17, 42) . Biochemically, the MJ G1PDH is similar to the G1PDHs described from Methanothermobacter thermautotrophicus ⌬H and Aeropyrum pernix K1 with a near-neutral pH optimum, which is substantially higher than the pH 6.2 optimum for G1PDH from the acidophilic Sulfolobus tokodaii (48) . A specific requirement for Zn 2ϩ has been found for the A. pernix G1PDH with an optimum concentration of 0.5-1.0 mM (35) . Additionally, atomic absorption analysis has shown the A. pernix and M. thermautotrophicus G1PDHs to both contain Zn 2ϩ and in the case of the Aeropyrum enzyme 0.81 mol of Zn 2ϩ per monomer and small amounts of magnesium and manganese (less than 0.05 mol of metal ion per monomer; Refs. 35 and 47) .
The MJ G1PDH K m and k cat /K m values for NADPH and NADH show a preference for NADPH. Similarly, the M. thermautotrophicus enzyme K m and k cat /K m values show a preference for NADPH (factors of 5 and ϳ3, respectively) (17) . Specific activity values of the enzyme from S. tokodaii also show a preference for NADPH by a factor of ϳ3 (48) . In contrast, the A. pernix enzyme shows a slight preference for NADH if K m values are compared but a preference for NADH by a factor of 5 when k cat /K m values are compared (41) . The MJ G1PDH K m value for (17, 48) . The M. thermautotrophicus enzyme was the only G1PDH assayed at the growth temperature of the source organism. Hence, the V max and k cat values of the other three characterized enzymes could be expected to be higher if assayed at the growth temperature of the source organisms. The V max for MJ G1PDH is very similar to the specific activity of the A. pernix enzyme (3.22 mol min Ϫ1 mg Ϫ1 ), and the k cat values of the two enzymes are also very similar (167 (NADPH) and 154.3 min Ϫ1 (NADH), respectively) (42). Phylogenetic and Structure-based Sequence Analyses-The structure of the MJ G1PDH displays a similar overall fold to related enzymes of the DHQSs, GDHs, and ADHs, indicating common ancestry within the superfamily despite limited sequence identity. Based on structural similarity (root mean square distances between the superimposed structures main chains) and structure-based sequence identities, the order of similarity of the individual families starting from G1PDH is GDH, ADH, and then DHQS (Figs. 4 and 5, A and B, and Table  3 ). The Dali-lite analysis and PromalS3D structure-based phylogenetic tree containing archaeal and bacterial G1PDHs, DHQSs, GDHs, and ADHs separate each enzyme type into distinct and highly supported clades (Ն98%; Fig. 8 ) (20, 36) . The phylogenetic analysis also suggests that archaeal G1PDHs are closest to GDHs, and this is supported by a cluster of orthologous groups (COG) assignment of COG0371, which contains GDHs and G1PDHs (45, 49) . The tree in Fig. 8 is in general agreement with previously described sequence-only based trees (32, 50) particularly with respect to the clear and strongly supported groupings of the individual superfamily member enzyme types. The archaeal G1PDH branching pattern concurs with 16S rRNA gene and ribosomal protein gene phylogenies (51) (52) (53) albeit with some discrepancies and with low bootstrap support (Ͻ50%) in some cases. For example, the euryarchaeal sequences (e.g. methanogens, Thermoplasmatales, Thermococcales, and Halobacteriales) group together. In addition, members of the so-called TACK group, the Thaumarchaeota, Aigarchaeota, Crenarchaeota sequences, and the single korarchaeal sequence, group together with 53% support (54) . The Thaumarchaeota form a highly supported group (94% support). Although some bacterial G1PDH-like sequences were identified in BLASTP searches and form two distinct clades, these are relatively few in number and were found almost entirely in Firmicutes and high G ϩ C content Actinobacteria. The very limited and sporadic distribution of G1PDH-like sequences in bacteria is suggestive of genes that have been acquired through lateral gene transfer (50) . One of the bacterial G1PDH-like clades has high bootstrap support (99%), is more deeply branching, contains the actinobacterial species Streptomyces and Thermobifida, and tends to have shorter branch lengths than the other bacterial clade, which contains mostly Firmicutes but also contains sequences from Thermotoga maritima and Proteobacteria (Anaplasma centrale). The branch lengths for this latter bacterial G1PDH-like clade, which contains C. acetobutylicum (Protein Data Bank code 3CE9), tend to be longer than those for archaeal G1PDHs and actinobacterial G1PDH-like sequences, suggesting a more rapid rate of evolution. The universal presence of G1P in Archaea and the structure-based phylogeny presented here indicate that G1PDH was present in the archaeal cenancestor (50) . The presence of G1PDH sequences in Archaea and in some deeply branching bacterial clades (e.g. Firmicutes and Actinobacteria) could be taken as evidence that G1PDH was present in the LUCA, although the distribution of bacterial G1PDHs is quite limited (10) . In contrast, DHQSs are widely present in Crenarchaea but are lacking in many other archaea (55) , particularly the Euryarchaea and the Thaumarchaeota, Aigarchaeota, Crenarchaeota, and Korarchaeota (TACK) superphylum (54) . The essential role of DHQS catalyzing the second step in aromatic amino acid synthesis in bacteria and some archaea (e.g. Crenarchaea) potentially suggests an early origin for this enzymatic activity (55) . GDHs and ADHs are found only sporadically in the Archaea, and GDHs have been considered to represent an ancient capability enhancing the utilization of glycerol (Fig.  8) (10, 33, 50, 56) . Conversely, GDHs and ADHs are widely present in Bacteria (50, 57) . The limited and somewhat irregular distribution of GDHs and ADHs in Archaea is reminiscent of having been acquired through lateral gene transfer events (50) .
Discussion
We have presented here three structures of an archaeal G1PDH from the hyperthermophilic marine archaeal spe- cies M. jannaschii. Analysis of the ternary structure in particular lends support to the steps involved in the catalytic mechanism of G1PDH and provides new insight into the roles of the Zn 2ϩ cofactor and the NADPH coenzyme during conversion of the substrate DHAP into the stereospecific sn-glycerol 1-phosphate product. Phylogenetic and structure-based sequence analysis using the new archaeal G1PDH structure confirms that G1PDHs are part of the larger structurally related superfamily containing four clades of metal-and NAD(P)H-dependent dehydrogenases (G1PDHs, GDHs, DHQSs, and ADHs) and provides insight into the origins of G1PDH.
The distribution of G1PDHs, DHQSs, ADHs, and GDHs in Archaea and Bacteria suggests that at least one ancestral sequence for this metallodehydrogenase superfamily was present in the LUCA (50) . Despite rare exceptions, in isolated lineages (44) , the use of different glycerol stereoisomers for lipid backbones is a very robust domain-specific trait (7, 8, 10, 56 -59) . The bacterial glycerol-3-phosphate dehydrogenase is structurally unrelated to the archaeal G1PDH and belongs to FIGURE 8. Phylogenetic tree (circular format) of G1PDHs, DHQSs, ADHs, and GDHs. The neighbor joining treeing method (implemented in MEGA6) based on a PromalS3D structure-based amino acid sequence alignment was used (20) . Archaeal sequences are shown in red font, and bacterial sequences are shown in black. The tree incorporated 159 residues from 133 amino acid sequences. Protein Data Bank codes for available structures are included as part of the enzyme name on the tree and are in bold font. The black arrow indicates the position of MJ G1PDH. Bootstrap validation values below 50% are not shown (total of 500 bootstraps). the 6-phosphogluconate dehydrogenase C-terminal domainlike dehydrogenase structural classification of protein (SCOP) superfamily containing UDP-glucose 6-dehydrogenases and 3-hydroxyacyl-CoA dehydrogenases, both of which are widely distributed among Archaea and Bacteria (44, 50) . This suggests that at least one ancestral member of the 6-phosphogluconate dehydrogenase-like superfamily was also present in the LUCA at the same time as the G1PDH-GDH-ADH-DHQS superfamily ancestor (10) . The presence of ancestral sequences for both superfamilies in the LUCA followed by the creation of G1PDH-and glycerol-3-phosphate dehydrogenase-specific clades thereof in the ancestors of Archaea and Bacteria, respectively, supports the scenario whereby domain-specific lipids arose through differential gene loss (10) . This is also supported by the broad presence of CDP-alcohol phosphatidyltransferases, which catalyze the addition of polar headgroups (serine, glycerol, and myo-inositol) to produce intact phospholipids in both prokaryotic domains (60 -62) , and suggests that at least one ancestor of CDP-based phospholipid synthesis was present in the LUCA (10, 62, 63) . Biochemical and phylogenomic analyses have suggested that isoprenoids and fatty acid synthesis genes might have been present in the LUCA (10, 50, 64) . However, a recent extensive phylogenomic analysis of the presence of fatty acid synthesis genes in Archaea contradicts the latter suggestion, instead indicating that in those archaea containing fatty acid synthesis genes (a chimeric pathway with both bacterial-like and archaeal genes) most of the genes were likely acquired from bacteria (65) . Gene distributions across the archaeal-bacterial divide can reflect either presence in the LUCA or later origins followed by interdomain lateral gene transfer (66, 67) whereby distinctions between the two are not always easy.
A common theme of proposals of early membrane evolution is that lipids were synthesized abiotically (geochemically) at first followed by biological synthesis underpinned by genes, thus leading to homochiral membranes (3, 9 -11, 47, 68) . Evidently, the origin of stereospecific lipid membranes entailed independent evolutionary pathways and postdated the origin of genes but preceded the divergence of the bacterial and archaeal lineages. Once established in the ancestors of the two domains, the lipid trait remained stable except at the origin of eukaryotes (69) . That the energetic harnessing of chemiosmotic gradients across membranes via an ATPase is more conserved than the synthesis of the lipids themselves favors an abiotic source of lipids at the dawn of cellular evolution (7, 70, 71) . Recent analyses of possible evolutionary scenarios of early membranebased bioenergetics that incorporate a predictive quantitative model for estimating available free energy using geochemical proton gradients and sodium-proton antiporters provide support for this scenario (7) .
We have presented the first structural characterization of an archaeal G1PDH, an enzyme hypothesized to have played a critical role in the speciation of Archaea (10, 13) . The structures and biochemical characterization have provided new catalytic insight explaining the pro-R stereospecific reaction mechanism to produce G1P for archaeal lipid synthesis and have contributed to improved structural, biochemical, and phylogenetic comparisons.
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